Haptic interfaces that represent force and tactile feeling have been utilized in the areas of telemanipulation, interaction with microscale and nanoscale phenomena, and medical training and evaluation, to mention only some applications. A multi-fingered haptic interface has greater potential for these kinds of applications than does a singlepoint haptic interface. We developed a five-fingered haptic interface robot named HIRO II, which consists of a hand with 15 dof and an arm with 6 dof. The following research issues are presented: the design method of mechanism, an interface control that takes the redundancy of the mechanism into consideration, physical simulation including frictional force and moment, a haptic rendering with a deformable object, the system architecture and two application systems--a future science encyclopedia and a VR breast palpation system.
Introduction
Haptic interfaces that represent force and tactile feeling have been utilized in the areas of telemanipulation [1] - [2] , interaction with microscale and nanoscale phenomena [3] , and medical training and evaluation [4] - [5] , to mention only some applications. A multi-fingered haptic interface has a greater potential for these kinds of applications than does a singlepoint haptic interface. Several multi-fingered haptic interfaces [6] - [12] have so far been developed. One consisting of an arm and fingers [10] - [12] can be used in a wide space. However, the issue of developing a haptic interface to be used opposite the human hand has so far not been addressed. Such a haptic interface must be safe, function in a wide operation space, and represent the weight of virtual objects as well as force at the contact points. In addition, it should not have an oppressive feeling when it is attached to a person, and it should not represent its own weight.
In response to these issues, we previously developed a three-fingered haptic interface named HIRO [13] . HIRO has demonstrated its suitability as a multi-fingered haptic interface for use opposite a person but is limited by having only three fingers. The next version, HIRO II [14] , has five fingers. To develop a virtual reality (VR) simulation system using the multi-fingered haptic interface, the following issues have been studied by our group: the design method of the mechanism including an optimum finger layout, an interface control that takes the redundancy of the mechanism into consideration, physical simulation including frictional force and moment, haptic rendering with a deformable object, the system architecture consisting of a real-time controller and VR simulation, and two application systems--a future science encyclopedia and a VR breast palpation system. This keynote article presents the design and control of the five-fingered haptic interface to be used opposite a human hand and the above-mentioned technical developments used to integrate a VR simulation system. Moreover, we present the two applications--the future science encyclopedia and the VR breast palpation system--which have been developed to verify our proposal and demonstrate the haptic interface HIRO II.
Design method of the mechanism
Multi-fingered haptic interfaces joined to the arm can provide a wide operation space. However, most of them are mounted on the back of the human hand like the CyberForce [12] . Fixing the haptic interface to the hand gives the operator an oppressive feeling since the interface binds the human hand firmly. In order to reduce the oppressive feeling and increase safety, we developed a new Haptic Interface RObot named HIRO II to represent force feeling to all fingers of the human hand. Fig. 1 shows the developed five-fingered haptic interface connected to the five fingers of an operator's hand. It consists of an interface arm, a haptic hand with five haptic fingers, and a controller. When the operator moves his/her hand, the haptic interface follows the motion of operator's fingers and represents the force feeling. The operator feels just a little oppressive feeling because the part coupled between the human hand and the haptic interface is limited to his/her fingertips.
The developed haptic finger is designed based on an anthropomorphic robot hand named Gifu Hand III [15] . Each finger has 3 joints allowing 3 DOF. The first joint, relative to the hand base, allows abduction/adduction. The second and third joints allow flexion/extension. All joints are driven by DC servomotors with gear transmissions and rotary encoders. Workspaces of the thumb and hand are shown in Fig. 2 (1) and (2) . The volumes of the workspace of the thumb and fingers are 713 and 535 [mm 3 ], respectively. The thumb is designed to work in a wide space because the workspace of the human thumb is larger than that of the other fingers. The finger layout of the haptic hand is designed to maximize the volume formed by intersecting workspaces of the haptic and human fingers. For example, this volume for the haptic and human index fingers has its maximum at the posture shown in the Fig. 3 . The haptic index finger was designed based on statistical data for Japanese males. The position of fingers in the haptic hand was designed from a consideration of this geometrical relation.
In order to read the finger loading, the 6-axes force sensor (NANO sensor by BL AUTOTEC. LTD.) was installed in the second link of each finger. To manipulate the haptic interface, the user has to wear a finger holder on his/her fingertips (see Fig. 4 ). This finger holder has a sphere which, when attached to the permanent magnet at the force sensor tip, forms a passive spherical joint, which has two roles. One role is adjusting the differences between the orientation of the human and The maximum output forces at a fingertip in the finger coordinate system are 3.4, 3.4, and 6.5 [N] along the X, Y and Z axes, respectively (see Fig. 3 ). The maximum fingertip velocities v x , v y , v z are 0.43, 0.43, and 0.23 [m/s], respectively. The interface arm with 6 DOF is designed to be as close as possible to the human arm in geometry and motion ability. The lengths of the upper arm and the forearm are 0.3 and 0.31 [m], respectively. The arm joints are actuated by AC servomotors equipped with rotary encoders and gear transmissions. As a haptic interface, the combination of the arm and hand makes a wide work space.
Interface control
The hand posture is nonunique because of the redundancy of the HIRO II. Two approaches that take the redundancy into account have been researched.
Hand manipulability-based control. One control combines finger force control and arm position control [13] . Each finger is controlled independently by a PI control using a force error at the fingertips with a gravitation compensator. In arm position control, a desired hand posture is determined to maximize the hand manipulability measure to respond to an operator's various hand poses. The hand manipulability measure is defined by
where i α and i β are weighting coefficients, J Fi is a kinematic Jacobian of the i-th finger and P i is a penalty function of the i-th finger to keep the joint angle within the range of movement. This control method may cause a large arm motion even though the operator's finger motions are slight. This excessive motion sometimes confuses the operator because it creates the illusion that the device is malfunctioning. To represent haptic feeling in a wide operation space and reduce the operator's sense of unease, a modified hand manipulability measure has been presented as follows [16] :
is the current arm joint angle vector, 6 R Ad ∈ q is a desired arm joint angle vector, and 0 > Γ is a weighting matrix. The desired arm joint angle is defined so as to maximize equation (2) under a constraint condition in which the five haptic fingertip positions F q are fixed to the operator's fingertip positions. The optimum arm joint angle is computed by the conjugate gradient method in line with the convergence criterion CPI[k]-CPI[k-1] < δ , where k is the iteration number and δ is the scalar constant.
Redundant force control. Another approach is a redundant force control with a multi-points interaction [14] given by
is a joint torque vector whose sub vectors are an arm joint torque vector 6 R arm ∈ τ and a hand joint torque vector
kinematic Jacobian of HIRO II, 15 ) , , ,
is a force vector whose sub vector is a force vector at the fingertip, F d is a desired force vector, K 1 is a force feedback gain matrix, K 2 Solid State Phenomena Vol. 144 3 is a force integral feedback gain matrix and g is a gravity compensator. Most of redundant force control [17] - [18] has been examined only on a single constrained point at the manipulator's endeffector. This redundant force control works at multi-contacting points. Each finger joint is controlled so as to follow the desired finger force independently. The arm joint is controlled so as to follow the desired force and moment at the hand bases, which are generated by the desired finger forces.
Physical simulation including frictional force and moment
When an object is manipulated by the operator's hand in virtual space, it is desirable that the object's spatial movement be based on physical laws. The constraint and frictional forces which are generated at the contact points between an operator's fingertips and an object surface (see Fig. 5 ) are important factors in the real world of humans. In general, constraint force is calculated in proportion to the penetration depth of a fingertip touching an object, and frictional force on a tangential plane at the contact point is calculated in proportion to the constraint force. As a physical phenomenon, there are two friction states at a contact point: a static friction state without sliding and a dynamic friction state with sliding. Some researches on friction models of haptic rendering have been carried out [19] - [21] . For example, W. S. Harwin et al. [20] have presented a method based on god-objects [21] and friction cones which permits the computation of both static and dynamic forces. In this method, the friction is calculated in proportion to the penetration depth of fingertips in regard to a virtual object and also as a haptic interface point moves to the edge of a friction cone in cases where the haptic interface point lies outside the friction cone (see Fig. 6 ).
If the fingertip is spherical and the spot shape is circular, the analytic frictional moment is proportional to the normal contact force [22] . A computational method for a frictional moment proportional to a relative torsion angle and constraint force has been presented [23] . The relative torsion angle of the i-th finger is represented as a rotational angle at a contact point C i around a normal axis n i . We can set up a fingertip coordinate system x lies on the edge of the frictional moment arc. These relationships show that the frictional moment is proportional to the constraint force and the relative torsion angle between the finger and object at the contact point. This computational method has no effect on the contact point and the haptic interface point, which means that computations of the frictional force and friction moment can be done separately. The dynamics of the object can be simulated by taking the frictional force and frictional moment into account.
Haptic rendering with deformable object
Most high precision techniques for deformable objects tend to be computationally expensive. As a consequence, it is normally very hard to reach high control rates (>1[KHz]). Various solutions have been proposed to solve this problem. Most of the methods deal with intermediate representation or use a local model in the haptic loop to obtain forces at a high update rate [24] - [25] . Nevertheless, all the literature, to our knowledge, is concerned only with a single point contact. When there are multiple points of contact with deformable objects, it is necessary to consider the effect of each point on the other points and how the object should deform based on its interaction with all of the fingers. The use of a local model is insufficient to solve this problem since it is necessary to deal with the whole model or a sufficiently large independent part of it to be able to consider the effects of each finger on the model and on the other fingers. To overcome this difficulty, an "elementary displacement" approach [26] used with a finite element method has been adopted [27] .
System architecture
Separating the haptic processes from the more time-consuming processes has long been a standard technique to protect more sensitive servo loops from the computational burden of collision detection and graphic display. However, most of the implementation tends to involve both graphics and haptic rendering on the same machine and, to make matters worse, to use an approach other than a real-time operating system. Our approach differs as it decouples haptic and graphics rendering, running each on a separate machine. This split is achieved by connecting the haptic device directly to the force server, which tracks the probe of the haptic device and executes the haptic servo loop. The application connects to this force server through a communication channel, retrieving position information from the server and sending the desired forces to it. We use a TCP/IP gigabit communications channel since it offers low latency and high bandwidth. The architecture can be described as distributed and multi-threaded on separate machines; in addition, the requirements for haptics and graphics are well considered. The software side (VR simulation) and the hardware side (the haptic controller) are connected mainly through a high speed network, as shown in Fig. 8 .
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Application systems
Future science encyclopedia. Maintaining a stable haptic interaction in VR environments, especially with physically-based deformable objects, has long been an active area of research. Our group has proposed a comprehensive haptic system architecture for haptic rendering, in which a physically-based model using the FEM with a elementary displacement approach was implemented [28] . The Future Science Encyclopedia (FSE) had been developed to verify and demonstrate our proposal at the 2005 World Exposition, Aichi, Japan. Moreover, the work involved testing the proposed architecture and verifying the force and deformation calculation methods. The FSE enables users to experience many different virtual worlds like the scientific, historical, and astronomical. These worlds extend from macrospace to microspace, and involve fantastic worlds from ancient times to the future. The interesting feature of the FSE is that it can be considered a complete VR interface where the user uses only HIRO II to interact and move between and around the scenes, as Fig 9 shows . VR breast palpation system. A multi-fingers haptic device that enables multiple points of contact is essential in medical education. The sense of touch can be extremely valuable to trained physicians when diagnosing illnesses. With a combination of technologies such as VR and force feedback robots, it is possible to greatly extend the capabilities and effectiveness of training simulators. A simulation can record kinematics, touch, and force feedback for later display to a trainee. From this, the trainee can learn the methodology of a procedure as well as experience the forces that will be encountered when actually performing the procedure. This technology could be used to train medical students before they palpate a real patient and could also be used by trained physicians to improve their skill. There is a strong need for palpation training in detecting subsurface tumors [29] . An important step in a breast modeling sequence involves the incorporation into a model of large deformation effects and the consideration of nonlinear material properties. We adopted a linear model adaptation technique for a nonlinear force update [30] in which the deformations of the model nodes are calculated according to a linear model and the forces of the touched nodes are updated according to experimentally-measured, force-displacement curves.
In general, tissue is heterogeneous and exhibits non-linear, anisotropic elastic and viscous behavior. Therefore, the combination of these qualities quickly becomes complex and requires huge computation efforts. In order to overcome this problem, we simplified the model by neglecting viscous and inertial forces since the movements in a palpation session are slow. Stress-strain relationships in a biological tissue can be determined by experiments where the forces and displacements are recorded. Then, the measured sample points can be used to determine the stress- is a normal component of the nonlinear force approximated by a polynomial which uses a linear force as an argument. A finite element model of a silicon breast consists of 13,025 tetrahedron and 2,740 nodes. The breast surface is formed by 1,106 triangular faces and 562 nodes directly accessible for palpation. The minimum and maximum lengths of the finite element edge are 4 and 12 [mm] respectively. This provides an operator with sufficient resolution in tumor palpation. Four tumors were modeled as hard, grounded, sphere-shaped inclusions each 3 [cm] in diameter and located at the four breast quarters.
Summary
The design and control method of a five-fingered haptic interface robot named HIRO II has been presented. The interface is placed opposite the human hand to free the operator from its weight and to protect the operator from any possible malfunction. We have introduced the design method of the mechanism, including the optimum finger layout, an interface control taking the redundancy of the mechanism into consideration, physical simulation including frictional force and moment, a haptic rendering with a deformable object, the system architecture consisting of a real-time controller and VR simulation, and two application systems--a future science encyclopedia and VR breast palpation system. This interface can be utilized in a wide range of applications as a master or a slave in both real and virtual environments. Future research will be directed toward implementing the interface in various applications such as in medical training and the teleoperation of an anthropomorphic robot hand. 
